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ABSTRACT
Context. Be/X-ray binaries represent the main group of high-mass X-ray binaries. The determination of the astrophysical parameters of the
counterparts of these high-energy sources is important for the study of X-ray binary populations in our Galaxy. X-ray observations suggest that
SAX J2239.3+6116 is a Be/X-ray binary. However, little is known about the astrophysical parameters of its massive companion.
Aims. The main goal of this work is to perform a detailed study of the optical variability of the Be/X-ray binary SAX J2239.3+6116.
Methods. We obtained multi-colour BVRI photometry and polarimetry and 4000-7000 Å spectroscopy. The 4000–5000 Å spectra allowed us to
determine the spectral type and projected rotational velocity of the optical companion; the 6000-7000 Å spectra, together with the photometric
magnitudes, were used to derive the colour excess E(B − V), estimate the distance, and to study the variability of the Hα line.
Results. The optical counterpart to SAX J2239.3+6116 is a V = 14.8 B0Ve star located at a distance of ∼4.9 kpc. The interstellar reddening
in the direction of the source is E(B − V) = 1.70 ± 0.03 mag. The monitoring of the Hα line reveals a slow long-term decline of its equivalent
width since 2001. The line profile is characterized by a stable double-peak profile with no indication of large-scale distortions. We measured
intrinsic optical polarization for the first time. Although somewhat higher than predicted by the models, the optical polarization is consistent
with electron scattering in the circumstellar disk.
Conclusions. We attribute the long-term decrease in the intensity of the Hα line to the dissipation of the circumstellar disk of the Be star. The
longer variability timescales observed in SAX J2239.3+6116 compared to other Be/X-ray binaries may be explained by the wide orbit of the
system.
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1. Introduction
SAX J2239.3+6116 was discovered by the BeppoSAX wide-
field camera as a transient X-ray source during observations of
the supernova remnant Cas A. It was first detected on 4 March
1997 and then again on 8 May 1999 (in’t Zand et al. 2000).
The peak flux then was 3.3 × 10−10 erg s−1 cm−2 in the en-
ergy range 2–10 keV and 1.0× 10−9 erg s−1 cm−2 in the energy
range 2–26 keV. The X-ray spectral continuum was satisfacto-
rily fitted with a single absorbed power law with NH = 1×1022
cm−2 and Γ = 1.1± 0.1. The source was not detected on 13–15
December 1999 with an upper limit on the 2–10 keV X-ray flux
of 6 × 10−11 erg s−1 cm−2 (in’t Zand et al. 2000). A search for
detections with other X-ray instruments resulted in a detection
with BeppoSAX/MECS on 24–25 November 1998 with a flux
of 5×10−13 erg s−1 cm−2 (2–10 keV) and another detection with
CGRO/BATSE in March 1997 with a flux 1.4 × 10−9 erg s−1
cm−2 (20–100 keV). The RXTE/ASM light curve showed in-
Send offprint requests to: pau@physics.uoc.gr
creases in the X-ray intensity at regular interval times of 262±5
days (in’t Zand et al. 2000). If this periodicity is interpreted as
the orbital period of the system, then SAX J2239.3+6116 has
the longest orbital period of all the known BeXB in our Galaxy.
Subsequent RXTE/PCA and BeppoSAX/MECS-LECS observa-
tions during a predicted outburst in July 2001 revealed X-ray
pulsations with a pulse period of 1247.2±0.7 s (in’t Zand et al.
2001). The X-ray flux during the observations that detected
pulsations was 4 × 10−12 erg s−1 cm−2 (2–10 keV).
Optical observations were carried out on 2–3 December
1999 with the 2.1 m telescope of the Kitt Peak National
Observatory. A B-type star showing Hα in emission with an
equivalent width of –6.7 Å was discovered 0.3′ away from
the best-fit X-ray position. This V=15.1 mag star was pro-
posed to be the optical counterpart to SAX J2239.3+6116
(in’t Zand et al. 2000).
One more optical campaign was reported by
Riquelme et al. (2012) on 2–5 July 2001 with the fol-
lowing photometric magnitudes: U = 16.19, B = 16.06,
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Table 1. Hα line parameters of the optical counterpart to SAX J2239.3+6116 : we give the equivalent width, peak separation,
and V/R ratio.
Date JD Telescope EW(Hα) ∆p log(V/R)
(Å) (km s−1)
31-05-2001 2452061.558 SKT −8.34 ± 0.22 162±10 −0.032 ± 0.030
03-06-2001 2452064.479 SKT −8.80 ± 0.22 150±10 −0.008 ± 0.030
13-09-2001 2452166.417 SKT −10.52 ± 1.25 202±10 −0.004 ± 0.012
08-10-2001 2452191.367 SKT −10.02 ± 0.24 175±10 −0.006 ± 0.030
18-07-2002 2452474.481 SKT −7.98 ± 0.39 – –
08-10-2003 2452921.323 SKT −10.17 ± 0.28 – –
24-06-2004 2453181.465 SKT −10.11 ± 0.33 159±10 −0.058 ± 0.003
24-06-2005 2453546.433 SKT −8.74 ± 0.31 222±5 −0.059 ± 0.014
13-07-2005 2453565.522 SKT −8.96 ± 0.23 241±4 −0.059 ± 0.010
17-08-2005 2453600.387 SKT −8.47 ± 0.39 240±5 −0.020 ± 0.011
26-10-2005 2453670.388 SKT −7.97 ± 0.22 171±10 −0.064 ± 0.030
06-09-2007 2454350.508 SKT −5.97 ± 0.18 258±8 −0.046 ± 0.018
25-06-2008 2454643.486 SKT −6.74 ± 0.20 238±10 −0.021 ± 0.030
03-09-2008 2454713.324 SKT −7.53 ± 0.19 252±7 −0.009 ± 0.015
12-08-2009 2455056.477 SKT −4.98 ± 0.31 241±4 −0.048 ± 0.010
03-08-2010 2455412.382 SKT −5.58 ± 0.21 279±7 0.019 ± 0.016
29-08-2010 2455438.417 SKT −5.66 ± 0.14 255±9 −0.047 ± 0.021
30-09-2010 2455470.437 SKT −5.58 ± 0.13 259±10 −0.007 ± 0.023
21-08-2011 2455795.414 SKT −5.97 ± 0.13 243±6 −0.048 ± 0.013
24-08-2012 2456164.453 SKT −4.09 ± 0.16 292±7 0.025 ± 0.017
06-09-2012 2456177.505 SKT −4.32 ± 0.16 289±9 −0.006 ± 0.022
14-09-2012 2456185.419 SKT −3.66 ± 0.18 279±4 0.009 ± 0.010
19-10-2012 2456220.352 SKT −3.91 ± 0.18 286±7 −0.022 ± 0.012
30-07-2013 2456504.476 SKT −5.31 ± 0.21 245±5 0.033 ± 0.007
31-08-2013 2456536.413 SKT −6.13 ± 0.29 249±4 −0.003 ± 0.006
19-10-2013 2456585.298 SKT −6.28 ± 0.24 252±3 −0.035 ± 0.006
07-08-2014 2456877.512 SKT −1.91 ± 0.11 345±5 0.089 ± 0.019
15-09-2014 2456915.609 NOT −2.11 ± 0.21 344±1 0.036 ± 0.014
12-10-2014 2456943.391 SKT −2.15 ± 0.27 310±5 0.059 ± 0.015
23-06-2015 2457197.500 SKT −1.01 ± 0.21 343±6 0.093 ± 0.028
07-07-2015 2457211.500 SKT −0.78 ± 0.19 349±7 0.004 ± 0.032
04-08-2015 2457239.500 WHT −1.30 ± 0.41 379±2 0.010 ± 0.009
05-10-2015 2457301.500 SKT −2.34 ± 0.33 347±8 0.055 ± 0.019
06-10-2015 2457302.500 SKT −2.16 ± 0.25 317±4 0.019 ± 0.015
06-11-2015 2457333.501 NOT −1.84 ± 0.90 312±2 0.097 ± 0.008
26-05-2016 2457534.635 NOT −2.50 ± 0.90 303±10 −0.055 ± 0.008
V = 14.55, R = 13.60, and I = 12.74, and an Hα equivalent
width of –11.0 Å.
In this work, we performed the first detailed study of the
optical variability of SAX J2239.3+6116. We present photo-
metric observations covering the period 2007-2016, spectra in
the region of the Hα line from 2001-2016, and for the first time
polarimetric data from 2013-2016. Although photometric and
spectroscopic data prior to 2015 have been presented in the
context of a global study of the long-term optical variability of
BeXBs by Reig & Fabregat (2015) and Reig et al. (2016), re-
spectively, we include them here for the sake of completeness.
Our polarimetric observations are the first dedicated observa-
tions of the source using this technique.
2. Observations
2.1. Spectroscopy
Optical spectroscopic observations were obtained from the
1.3 m telescope of the Skinakas observatory (SKT) in Crete
(Greece) and from the 2.5 m Nordic Optical Telescope (NOT)
in El Roque de los Muchachos observatory (La Palma, Spain).
SAX J2239.3+6116 was also observed in service time with the
4.2 m William Herschel Telescope (WHT).
The 1.3 m telescope of the Skinakas Observatory was
equipped with a 2000×800 ISA SITe CCD and a 1302
lines mm−1 grating, giving a nominal dispersion of ∼1 Å/pixel.
The NOT was equipped with the Andalucia Faint Object
Spectrograph and Camera (ALFOSC), an EEV42-40, 2Kx2K
chip, and Grism#16 (1000 lines mm−1; 0.86 Å/pixel) for the
blue spectrum (3460–5220 Å) on 16 July 2015 and Grism#17
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Table 2. Multi-colour photometry and polarimetry of the optical counterpart to SAX J2239.3+6116.
Photometry (mag.)
Date JD (2,400,000+) B V R I
16-07-2007 54298.518 16.25±0.02 14.75±0.03 13.85±0.02 12.86±0.03
30-06-2009 55013.513 16.26±0.02 14.79±0.01 13.91±0.01 12.97±0.02
26-08-2011 55800.488 16.30±0.01 14.83±0.01 13.95±0.01 13.02±0.02
09-09-2011 55814.349 16.28±0.03 14.87±0.03 14.00±0.02 13.05±0.03
29-08-2013 56534.500 16.29±0.02 14.84±0.02 13.90±0.02 12.91±0.03
20-08-2014 56890.479 16.23±0.02 14.81±0.02 13.91±0.02 12.96±0.03
22-07-2015 57226.536 16.30±0.02 14.84±0.01 13.97±0.01 12.97±0.01
18-11-2015 57345.326 16.26±0.02 14.82±0.01 13.94±0.02 13.00±0.02
06-06-2016 57546.580 16.26±0.02 14.82±0.02 13.94±0.02 12.99±0.03
Polarimetry (%)
10-07-2015 57214.541 7.8±1.9 7.3±0.6 6.8±0.3 6.1±0.3
15-06-2016 57555.467 7.5±0.8 7.4±0.2 6.7±0.3 6.3±0.2
Table 3. Polarization degree, polarization angle, and Stokes parameters of the optical counterpart to SAX J2239.3+6116 in the R
band.
Date JD (2,400,000+) PD(%) PA (◦) q u
06-10-2013 56572.458 7.5±0.4 63.3±1.6 -0.045±0.004 0.060±0.004
08-10-2013 56574.345 6.3±0.4 63.2±1.7 -0.037±0.004 0.051±0.004
20-10-2013 56586.360 6.8±0.3 63.3±1.1 -0.040±0.003 0.054±0.003
28-10-2013 56594.444 6.8±0.2 61.7±1.0 -0.037±0.003 0.057±0.003
10-11-2013 56607.349 6.6±0.3 63.1±1.4 -0.039±0.003 0.053±0.003
23-05-2014 56801.571 6.5±0.4 61.1±1.6 -0.034±0.004 0.055±0.004
14-07-2014 56853.600 6.8±0.4 61.9±1.5 -0.038±0.004 0.057±0.004
02-08-2014 56872.535 6.7±0.4 64.1±1.8 -0.042±0.004 0.053±0.004
14-08-2014 56884.584 6.9±0.4 62.9±1.9 -0.040±0.005 0.056±0.005
01-09-2014 56902.487 6.8±0.4 64.5±1.9 -0.043±0.004 0.053±0.004
10-07-2015 57214.541 6.8±0.3 63.2±1.3 -0.040±0.003 0.054±0.003
05-08-2015 57240.569 6.8±0.4 64.8±1.5 -0.044±0.004 0.053±0.004
19-11-2015 57346.284 6.9±0.3 63.6±1.3 -0.042±0.003 0.055±0.003
14-06-2016 57554.580 6.7±0.2 64.3±1.0 -0.042±0.002 0.052±0.002
15-06-2016 57555.451 6.6±0.3 62.9±1.1 -0.038±0.003 0.053±0.003
(2400 lines mm−1; 0.26 Å/pixel) for the red spectra (6330-
6870 Å) on 15 September 2014 and 6 November 2015. The
NOT red spectrum on 26 May 2016 was made with Grism#20
(484 lines mm−1, 5650-10150 Å, 2.2 Å/pixel). The WHT was
used with the ISIS spectrograph and an EEV12 CCD chip. The
blue arm covers the range 3927–4573 Å with the R1200B grat-
ings and gives a dispersion of 0.23 Å/pixel, while the red arms
covers the range 6491-7109 Å and gives a dispersion of 0.26
Å/pixel.
After correcting the images for bias and flatfield, spectra
were extracted from the object and the nearby sky. The sky
spectrum was subtracted from that of the object and the re-
sulting spectrum was wavelength-calibrated. Spectra of com-
parison lamps were taken before each exposure to account for
small variations in the wavelength calibration during the night.
To ensure a homogeneous processing of the spectra, they
were normalized with respect to the local continuum, which
was rectified to unity by employing a spline fit. The definition
of the continuum level is crucial because it represents the main
source of uncertainty in the determination of the spectral pa-
rameters.
To extract the Hα line parameters, we fitted the profiles with
two Lorentzian functions. Lorentzian profiles behaved better
than Gaussian profiles owing to the extended wings and the
small peak distance in spectra with large values of EW(Hα).
Twelve different selections of the continuum were used. For
each one, we obtained the line centres, full width at half maxi-
mum, and the intensity of the two peaks above the local contin-
uum. The final value and error of these parameters were com-
puted as the average and standard deviation of those 12 mea-
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surements. The equivalent width, peak separation, and V/R ra-
tio of the Hα line are given in Table 1.
2.2. Photometry
The photometric observations were made with the 1.3 m tele-
scope of the Skinakas Observatory. SAX J2239.3+6116 was
observed through the Johnson-Cousins B, V , R, and I filters.
For the photometric observations, the telescope was equipped
with a 2048×2048 ANDOR CCD with a 13.5 µm pixel size. In
this configuration, the plate scale is 0.28 ′′/pixel, hence provid-
ing a field of view of 9.5 × 9.5 arcmin2. Standard stars from
the Landolt list (Landolt 2009) were used for the transforma-
tion equations. Reduction of the data was carried out in the
standard way using the IRAF tools for aperture photometry.
After the standardization process, we finally assigned an er-
ror to the calibrated magnitudes of the target given by the rms
of the residuals between the catalogued and calculated mag-
nitudes of the standard stars. The photometric magnitudes are
given in Table 2.
2.3. Polarimetry
Polarimetric observations in the R band were made with the
RoboPol photopolarimeter attached to the focus of the 1.3 m
telescope of the Skinakas Observatory (Table 3). In addition,
we obtained multi-colour polarimetric data on the nights 10
July 2015 and 15 June 2016 (see Table 2). In the polarime-
try configuration a plate scale of 0.43 ′′/pixel is achieved with a
2048×2048 ANDOR CCD with a 13.5 µm pixel size. RoboPol
is an imaging photopolarimeter that measures simultaneously
the Stokes parameters of linear polarization of all sources in
the field of view (King et al. 2014). Robopol splits the incident
light into two beams, each half incident on a half-wave retarder
followed by a Wollaston prism. The fast axis of the half-wave
retarder in front of the first prism is rotated by 67.5◦ with re-
spect to the other retarder. Every point in the sky is thereby
projected to four points on the CCD. In each spot the photon
counts, measured using aperture photometry, are used to cal-
culate the U and Q parameters of linear polarization. A mask
is placed in the telescope focal plane to optimize the instru-
ment sensitivity. The absence of moving parts allows RoboPol
to compute all the Stokes parameters of linear polarization in
one shot.
3. Results
3.1. The Hα line: Evolution of spectral parameters
Table 1 summarizes the results of the spectral analysis, where
the equivalent width of the Hα line (EW(Hα)), peak separation
(∆p), and V/R ratio (log(V/R)) are given. The peak separation
is simply the difference between the central wavelength of the
red minus the blue peak in velocity units (∆λ/λ × c), where c
is the speed of light. The errors are estimated by propagating
the uncertainty in the determination of the central wavelength
of the Lorentzian profile used to fit the Hα profile. The V/R
ratio is defined as the ratio of the relative intensity at the blue
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Fig. 2. Representative profiles of the Hα line.
and red emission peak maxima (after subtracting the underly-
ing continuum). For plotting purposes we used the log of this
ratio, log(V/R). Thus negative values indicate a red-dominated
peak (V < R), positive values indicate a blue-dominated profile
(V > R), and values close to zero correspond to equal intensity
peaks (V ≈ R).
The EW(Hα) of SAX J2239.3+6116 shows a long-term de-
creasing trend since 2001. The EW(Hα) changed from ∼–12 Å
in September 2007 to ∼–1 Å in July 2015 (Fig. 1, top panel).
The decreasing trend is not smooth but displays a saw-tooth
profile, i.e. sometimes EW(Hα) increases to subsequently drop
below the initial trend. The changes in the shape of the line are
also significant. Although V ≈ R is the dominant profile, there
is a long-term trend of the V/R ratio turning from a slightly
red-dominated profile (V/R <∼ 1) into a slightly blue-dominated
profile (V/R >∼ 1) as the intensity of the line decreases (Fig. 1,
bottom panel). The peak separation also changes with time. It
is smaller when EW(Hα) is larger (Fig. 1, middle panel).
Fig. 2 figure shows Hα profiles at four different epochs. In
the spectra with EW(Hα)>∼ 10 Å, the peaks are so close together
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that the fits with two Lorentzian profiles do not always provide
sensible values. In these cases we simply obtained ∆p by visual
inspection, finding the wavelength of the local maxima directly
from the data.
3.2. Spectral classification
The spectral type of SAX J2239.3+6116 is not well con-
strained. The low resolution spectra (∆λ = 5 Å) of the 1999
optical observations showed H and He I lines and numerous
diffuse interstellar bands (DIB), suggesting a B0V–B2III star
(in’t Zand et al. 2000). Our higher resolution spectra reveals
many more features. Figure 3 shows the NOT (∆λ = 2.7 Å)
and WHT (∆λ = 0.9 Å) spectra in the traditional classification
region. The spectral resolution was estimated by measuring the
FWHM of a calibration lamp line. For plotting purposes the
spectra shown in Fig. 3 have been smoothed with a Gaussian
filter (FWHM = 2.354 ∗ σ) with σ = 1Å and σ = 0.3Å, re-
spectively.
The blue spectrum of SAX J2239.3+6116 is dominated by
hydrogen and neutral helium absorption lines, clearly indicat-
ing an early-type B star. The Balmer series lines from Hβ up to
Hη at 3835 Å are seen in absorption. Very weak He II lines
(λ4541, λ4686) are also present, which implies a type later
than O9. Mg II λ4481 is absent or very weak, indicating a
type earlier than B1. The strong C III + O II blends at 4070
Å and 4650 Å also support a spectral type between B0 and
B1. The similar intensity of Si IV λ4089 with respect to the
nearby He I lines at 4121 Å and 4143 Å and of Si III λ4552
with respect to He II λ4541 favours a B0 main-sequence spec-
tral class. A later spectral type, for example B1, would have
the ratio He I λ4121/Si IV λ4089 >> 1, whereas an earlier
type star, for example O9, would have Si III λ4552/He II λ4541
<< 1 (Walborn & Fitzpatrick 1990). Likewise, the strength of
Si IV λ4089 increases quickly with luminosity and becomes
larger than He I λ4121 and λ4143 for giants and supergiants
stars. The absence of OII lines also indicates a luminosity
class V star. We conclude that the most likely spectral type of
SAX J2239.3+6116 is B0Ve.
3.3. Reddening and distance
To estimate the distance, the amount of interstellar extinction
AV = R × E(B − V) to the source has to be determined. It is
well known that the circumstellar disk in Be stars introduces
extra reddening that should be taken into account to deter-
mine the colour excess E(B− V) from the interstellar medium.
Riquelme et al. (2012) provided a method to correct for the ex-
cess emission from the disk. In fact, SAX J2239.3+6116 was
one of the sources studied by these authors. At the time of
their study, SAX J2239.3+6116 exhibited strong Hα emission
with EW(Hα)=–11 Å. They obtained E(B − V) = 1.66 ± 0.05.
However, as shown in Sect. 3.1, the strength of the Hα line
SAX J2239.3+6116 has been decreasing since 2001 (Fig. 1).
The source appears to be approaching a disk-loss state. The
smallest value of EW(Hα) is ∼ 0.8Å, which corresponds to a
Table 4. Interstellar reddening derived from DIBs, following
Herbig (1975).
DIB a b EW(mÅ) E(B − V) N
6203 Å 280 6 410±95 1.44±0.35 28
6269 Å 156 70 410±100 2.18±0.65 23
6276-79 Å 189 56 325±75 1.42±0.39 26
6613 Å 231 43 425±65 1.65±0.28 33
Mean 1.67±0.35
Weighted mean 1.58±0.18
disk contribution of Ecs(B − V) <∼ 0.01 mag (Riquelme et al.
2012), which lies within our photometric errors.
We estimated the reddening to the star in two differ-
ent ways. The refinement of the spectral type allows us
to use this fundamental spectral information in combination
with the photometric observations. The observed colour of
SAX J2239.3+6116 is (B − V) = 1.44 ± 0.03 (Table 2), while
the expected one for a B0V star (B − V)0 = −0.29 (Johnson
1966; Gutierrez-Moreno 1979; Wegner 1994). Thus we derive
a colour excess of E(B − V) = 1.73 ± 0.03.
The second method uses the strength of DIBs in the spec-
trum (Herbig 1975; Herbig & Leka 1991; Galazutdinov et al.
2000; Puspitarini et al. 2013; Kos & Zwitter 2013). In this
method, a least-squares fit is performed between the equiva-
lent width of DIBs measured in the spectra of a large num-
ber of stars and the colour excess E(B − V) of those stars,
EW(λ) = a ∗ E(B − V) + b. We used the coefficients given
by Herbig (1975) because the sample of stars in this work
covers a wider range in E(B − V). Table 4 gives the details
of the calculation. The reddening derived for each line was
obtained by considering the average over all the spectra for
which the line could be measured, and N is the number of mea-
surements. The weighted mean of the four colour excesses is
E(B − V) = 1.58 ± 0.18 and it is consistent with the photomet-
ric derived value.
Taken E(B − V) = 1.70 ± 0.05 and assuming the stan-
dard extinction law R = 3.1 and an average absolute mag-
nitude for a B0V star of MV = −3.88 ± 0.3 (Vacca et al.
1996; Wegner 2006), the distance to SAX J2239.3+6116 is es-
timated to be 4.9±0.8 kpc. Our value agrees with previously
reported distances: Riquelme et al. (2012) found 5.4±0.5 kpc
and in’t Zand et al. (2000) found 4.4 kpc.
3.4. Rotational velocity
We estimated the projected rotational velocity, v sin i, where i
is the orbit inclination angle with respect to the line of sight,
by measuring the width of neutral Helium lines using the cali-
bration by Steele et al. (1999) and by Fourier transform of line
profiles (Simo´n-Dı´az & Herrero 2007).
For the first method, we used the WHT spectra taken on
the night of 4 August 2015 as it provides the highest spectral
resolution. Two spectra were obtained on that night. We fitted a
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Fig. 3. Identification of the spectral lines used for classification. The upper panel shows the NOT spectrum smoothed with a
Gaussian filter of σ = 1Å. The lower panels show the WHT spectrum smoothed with a Gaussian filter of σ = 0.3Å.
Gaussian profile and derive the FWHM of four HeI lines (4026
Å, 4143 Å, 4387 Å,and 4471 Å) on each one of the two spec-
tra as well as on the average. We repeated the procedure three
times, corresponding to different selections of the continuum.
In total we performed 36 measurements. The final rotational
velocity is the mean of all these measurements. The simple av-
erage and standard deviation gave v sin i = 195 ± 20 km s−1,
whereas the weighted average v sin i = 190 ± 2 km s−1.
The rotational velocity can also be estimated by calculating
the Fourier transform of line profiles. The first zero in the fre-
quency domain is related to the rotational velocity of the star
through the equation v sin i = 0.66 c/(λσ), where λ is the cen-
tral wavelength of the line and σ the frequency at which the
first zero is found (Simo´n-Dı´az & Herrero 2007). This method
works very well when the line profile is dominated by rotation,
but presents some limitations when other broadening mecha-
nism (macro- and micro-turbulence, Stark broadening) are at
play. It also requires high dispersion and high S/N spectra.
Figure 4 shows the Fourier transform of the WHT spectrum for
two line profiles. The average rotational velocity from hydro-
gen lines (Hγ and Hδ) and helium lines (3926 Å, 4026 Å, 4387
Å, and 4471 Å) is v sin i = 207±12 km s−1 and v sin i = 230±15
km s−1, respectively. The reason for the higher values of the ro-
tational velocity calculated from the He I lines is that these lines
are additionally broadened by the Stark effect.
Table 5 gives the rotational velocity of some Be/X-ray bi-
naries obtained from the reference in column 8. Column 6 gives
the inclination angle of the orbit with respect to the line of
sight, which allows us to estimate the true rotation velocity of
the Be star. The term shell refers to double-peak lines whose
central depression is lower than the stellar continuum (see e.g.
Hummel & Vrancken 2000). This type of profile occurs in sys-
tems with high inclination angles.
The rotational velocity of SAX J2239.3+6116 is among the
lowest measured in BeXB. This low value, together with the
fact that no shell profiles are observed in the Hα line, sug-
gest a relatively low inclination angle. On the other hand, a
double-peak profile is always seen, even when the equiva-
lent width is large. Thus, the inclination angle cannot be too
low because we would expect single-peak profiles, such as
V 0332+53 (Negueruela et al. 1999; Reig et al. 2016). A rough
estimate of the inclination angle can be obtained assuming that
the Be star rotates close to critical velocity. Be stars are fast
rotators. They have, on average, larger observed rotational ve-
locities than B stars as a group (Slettebak 1982). Even though at
present there is no consensus on how close to their critical ve-
locity Be stars rotate, observations suggest that a large percent-
age of Be stars rotate at 70–80% of the critical value (Slettebak
1982; Porter 1996; Yudin 2001). The critical velocity depends
on the spectral type. For Be/X-ray binaries whose spectral type
distribution spans a very narrow range (O9-B2), the critical or
break-up velocity is 500-600 km s−1 (Townsend et al. 2004;
Cranmer 2005). Hence, if v = (0.7 − 0.8) × 550 km s−1, then
i ≈ 25 − 35◦.
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Table 5. Comparison of SAX J2239.3+6116 with other Be/X-ray binaries.
X-ray Optical Spectral Disk-loss Porb Inclination v sin i Reference
source counterpart type episodes (days) angle (◦) (km s−1)
SAX J2239.3+6116 – B0V no 262.6 25–35 195±20 This work
4U 0115+634 V635 Cas B0.2V yes 24.3 43 300±50 1
RX J0146.9+6121 LS I +61 235 B1V no – – 200±30 2
V 0332+53 BQ Cam O8-9V no 34.2 <10 <150 3
X Per HD 24534 O9.5III yes 250 23-30 215±10 4,5
RX J0440.9+4431 LS V +44 17 B1III-V yes 150 – 235±15 6,7
1A 0535+262 HD 245770 O9.7III yes 111 28-35 225±10 8,9
IGR J06074+2205 – B0.5IV yes – – 260±20 10
RX J0812.4-3114 LS 992 B0.5III-V yes 81.3 – 240±20 11
1A 1118-615 Hen 3-640 O9.5IV no 24 15 ∼300 12,13
4U 1145-619 V801 Cen B0.2III no 187 <45 250±30 14,15
4U 1258-61 V850 Cen B2V yes 132 shell† <600 16
SAX J2103.5+4545 – B0V yes 12.7 – 240±20 17
IGR J21343+4738 – B1IV yes – shell† 365±15 18
†: Shell stars are believed to be equator-on systems, i.e. i ∼ 90◦
[1] Negueruela & Okazaki (2001), [2] Reig et al. (1997), [3] Negueruela et al. (1999), [4] Lyubimkov et al. (1997)
[5] Delgado-Martı´ et al. (2001), [6] Reig et al. (2005), [7] Ferrigno et al. (2013), [8] Haigh et al. (2004)
[9] Grundstrom et al. (2007), [10] Reig et al. (2010), [11] Reig et al. (2001), [12] Janot-Pacheco et al. (1981)
[13] Staubert et al. (2011), [14] Janot Pacheco et al. (1982), [15] Webster (1974), [16] Parkes et al. (1980)
[17] Reig et al. (2004), [18] Reig & Zezas (2014)
Table 6. Polarization details of four field stars in the vicinity of SAX J2239.3+6116 in the R band. ρ is the angular distance from
the source.
Date JD (2,400,000+) RA DEC ρ(′) PD(%) PA (◦) q u
23-05-14 56801.575 22h39m21.1s +61d16m40.3s 0.22 3.6±0.4 60.6±3.4 -0.0184±0.0040 0.0305±0.0038
23-05-14 56801.580 22h39m14.9s +61d17m09.0s 1.0 4.2±0.6 60.3±3.8 -0.0215±0.0056 0.0365±0.0055
19-11-15 57346.298 22h39m30.4s +61d15m46.6s 1.3 3.8±0.5 60.4±3.6 -0.0197±0.0049 0.0329±0.0049
19-11-15 57346.289 22h39m12.6s +61d17m12.9s 1.2 1.7±0.3 67.9±4.9 -0.0124±0.0029 0.0121±0.0030
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Fig. 4. Fourier transform of the profiles Hδ and HeI at 4471
Å lines. The first minimum gives the rotational velocity of the
star.
3.5. Polarization degree
The continuum polarization in Be stars is attributed to
Thomson scattering of unpolarized starlight in the disk
(Poeckert et al. 1979). The measured polarization degree in
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Fig. 5. Hα equivalent width (top), R-band magnitude (middle)
and R-band polarization degree (bottom) as a function of time.
The squares in the bottom panel represent the weighted average
of the observations taken through one year from 2013 to 2016.
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Fig. 6. Dependence of polarization degree with wavelength.
Black (filled) and red (empty) points represent the 2015 and
2016 observations, respectively (see Table 2).
-0.04 -0.02 0
Q/I
0
0.02
0.04
0.06
U
/I
Fig. 7. R-band q − u plane showing the field stars (circles) and
SAX J2239.3+6116 (squares). Filled circles correspond to field
stars measurements in the mask, while open circles are multi-
epoch measurements outside of the mask.
SAX J2239.3+6116 is well above the average observed in clas-
sical Be stars. The maximum polarization level in an axisym-
metric circumstellar disk predicted by single-scattering plus at-
tenuation models is about 2% (Waters & Marlborough 1992).
When multi-scattering is taken into account, this level can in-
crease to 3–4% (Wood et al. 1996; Halonen et al. 2013). In
SAX J2239.3+6116, the polarization degree is of the order of
7% (Table 3). However, this value includes the contribution of
the interstellar medium (ISM).
To investigate the question of whether the measured polar-
ization can be accounted for entirely by the ISM or else some
amount comes from the source, we proceeded in various ways:
i) perform multi-colour polarimetry, ii) use average relation-
ships between extinction and polarization degree in the Galaxy,
iii) measure the polarization of field and nearby stars around the
X-ray source, and iv) perform a variability analysis:
i) The wavelength dependence of interstellar polarization is
observed to obey an empirical relation (Serkowski et al. 1975),
P(λ)/Pmax = exp[−k ln2(λmax/λ)], (1)
where k determines the width or sharpness of the curve, λmax
is the wavelength at which the polarization is maximum and
is directly related to the size of the dust grains (Coyne et al.
1974; Serkowski et al. 1975) and the total to selective ex-
tinction R = AV/E(B − V) (Whittet & van Breda 1978). The
mean value of R = 3.05 corresponds to λmax = 0.545 µm
(Whittet & van Breda 1978). Although Fig. 6 does not show a
peak in polarization at or around that wavelength, as expected if
the variation of the polarization degree with wavelength came
exclusively from the ISM, the large error bars and the small
number of points makes this result inconclusive. On the other
hand, the polarization degree of unreddened Be stars peaks
in the blue (λ ≈ 0.45 µm) and decreases with wavelength in
the range 0.45-0.80 µm (Poeckert et al. 1979; McDavid 2001;
Halonen et al. 2013; Haubois et al. 2014). Fig. 6 agrees with
the expected behaviour of Be stars.
ii) The relationship between polarization and extinction
has been studied by a number of authors (Hiltner 1956;
Serkowski et al. 1975; Jones 1989; Fosalba et al. 2002). These
studies show that the polarization fraction increases as the ex-
tinction increases, albeit with a large scatter. Using the relation-
ship Pmax,ISM(%) = 3.5 E(B − V)0.8 (Fosalba et al. 2002), we
estimate that the maximum contribution of the ISM to the mea-
sured optical polarization towards SAX J2239.3+6116 would
be PISM = 5.5%, which is lower than the observed polariza-
tion.
iii) An upper limit on the polarization degree from the ISM
can be estimated by measuring the polarization degree of field
stars. If, on average, the polarization degree of field stars is
lower than that of the source, then we can conclude that the
ISM cannot account for all the measured polarization, hence
some of it must be intrinsic. We measured the q and u Stokes
parameters in the R band of 20 stars in the Robopol field of
view not blocked by the mask in the target images and derive
the mean polarization degree (pfs) and angle (χfs) and the cor-
responding standard deviations (σp and σχ). We selected those
stars with more than five measurements; the four light spots
free of nearby sources to avoid overlapping; signal-to-noise ra-
tio, pfs/σp, larger than 3; a dispersion in the polarization angle,
σχ, lower than 10◦; and a dispersion in polarization degree,
σp, lower than 1% to avoid variable sources. In addition, to in-
crease the accuracy of the polarization parameters, we selected
four field stars of comparable brightness in the vicinity of the
target and observed them following the same procedure as the
target, that is, by placing them at the centre of the mask of
the polarimeter. Table 6 gives the details of these observations.
Figure 7 shows the q−u plane of the field stars (circles) and the
target (squares). Filled circles correspond to the field stars that
were observed at the centre of the mask. We can estimate the
intrinsic polarization of SAX J2239.3+6116 by vectorially sub-
tracting the weighted mean of the q and u Stokes parameters of
the field stars (−0.0148 ± 0.0008, 0.0213± 0.0007) from those
of the source (−0.0368 ± 0.0010, 0.0583± 0.0009). The polar-
ization degree of the Be star companion in SAX J2239.3+6116
is p =
√
q2 + u2 = 4.3 ± 0.1%.
iv) The polarization caused by the ISM is supposed to be
constant. Therefore, if variability is observed, then it can be
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in BeXB.
attributed to the source. Fig. 5 shows the variation of the Hα
equivalent width, R magnitude, and polarization degree. All
three quantities decrease with time. A linear regression to all
polarimetric data points taking the errors into account does not
reveal significant variation (p = 0.2, ρ = −0.3) and the slope
is almost consistent with zero (s = −0.00026 ± 0.00020), i.e.
no variation. If the regression is performed on the weighted av-
erage, then the decrease is significant at 95% level (p = 0.05,
ρ = −0.95, s = −0.00027± 0.00007). Here p is the probability
that the correlation occurs by chance and ρ is the correlation
coefficient.
In summary, although the results presented above are af-
fected by large uncertainty when they are considered individu-
ally, overall they provide evidence that the light of the optical
counterpart to SAX J2239.3+6116 is polarized to a few per-
cent.
4. Discussion
The information on SAX J2239.3+6116 is scarce. Dedicated
observations have been reported on only three works: X-ray
observations that led to the discovery of SAX J2239.3+6116
as a transient X-ray source and follow-up optical observa-
tions (in’t Zand et al. 2000), discovery of X-ray pulsations
and confirmation of the orbital period from X-ray outbursts
(in’t Zand et al. 2001), and one more optical observation (pho-
tometry and spectroscopy) in the context of a global study
of circumstellar emission in BeXBs (Riquelme et al. 2012). In
this work we present the first detailed study of the optical vari-
ability of SAX J2239.3+6116.
The derived spectral type of B0V is in good agreement with
the spectral type distribution of confirmed galactic BeXBs,
shown in Fig. 8. The data to create this figure were taken from
Reig (2011). When the spectral type is only approximately
known, we give the same weight to each spectral subtype cov-
ered by the range. That is, if a star is classified as B0-1V,
then the bar corresponding to the spectral types B0, B0.5, and
B1 each take one-third in the histogram of Fig. 8. All spec-
trally identified optical companions of confirmed BeXBs in the
Milky Way have spectral type earlier than B3 with a peak at B0
(see also Negueruela 1998).
The long-term decline of the Hα equivalent width (Fig. 1)
implies a progressive weakening of the disk over a period of
at least 15 years. The source appears to be slowly approach-
ing a disk-loss phase. A linear fit to the entire set of data in
the top panel of Fig. 1 yields that EW(Hα) decays at a rel-
atively slow rate of 0.0015 Å/d. Extrapolating this trend, we
find that it would reach EW(Hα)=0 Å on MJD 58400 (October
2018) and EW(Hα)=+2.5 Å (the expected equivalent width of
a photospheric line of a B0V star) on MJD 60066 (May 2023).
The latter situation would correspond with the complete loss
of the disk. This rate is typically 3–4 times slower than other
BeXBs (Reig et al. 2016) and can be understood by the large
orbital separation between the two components of the binary.
Reig et al. (2016) found a correlation between the disk growth
rate and the orbital period. Systems with small orbits tend to
display faster growth rates and more optical variability. The
interaction between the disk and the neutron star appears as
the primary cause of this correlation. SAX J2239.3+6116 has
the longest orbital period of all known BeXBs with ∼ 262.6
d (in’t Zand et al. 2001). In this system, the neutron star is so
distant that the Be star disk would be weakly affected by its
gravitational pull. In this sense, the disk in SAX J2239.3+6116
would behave like those in classical isolated Be stars, which
exhibit longer dissipation-reformation cycles.
Although EW(Hα) has been increasing since 2015 (see
Table 1), which could be a sign that the disk has begun a
full recovery, we note the irregular evolution of the equivalent
width. As can be seen in Fig. 1 and Table 1, small increases
in EW(Hα), for example in 2001, 2008, and 2013, were fol-
lowed by deeper drops. Future observations will reveal whether
SAX J2239.3+6116 will go through a full disk-loss episode, or
indeed the disk reached a minimum in 2015 and will start a new
reformation phase. The recovery of the disk without a complete
loss has been seen in other BeXBs, such as GRO J2058+42 and
RX J0146.9+6121 (see e.g. Fig. 1 in Reig et al. 2016).
The symmetric profiles suggest the absence of a perturbed
disk. This can be explained assuming a relatively small disk.
Reig et al. (2010) have suggested that a small disk cannot sup-
port a density perturbation because the disk became too tenu-
ous. As a rough estimate, they found that during the final stages
of the disk evolution, V/R asymmetries can be seen up to a disk
radius of ∼ 2 R∗, whereas during the subsequent disk forma-
tion after a disk-loss episode, a density perturbation does not
develop until the disk radius is of the order of 4 R∗. The disk
radius can be estimated from the separation of the emission line
peaks and the rotational velocity (Huang 1972),
rd
R∗
=
(
2v∗ sin i
∆V
)2
. (2)
Using the values derived in the previous sections, the disk ra-
dius in SAX J2239.3+6116 varies in the range 1–6 R∗. The
larger disks correspond to observations prior 2005. From 2005-
2009 the disk radius is rd ∼ 2−3 R∗, while since 2010, rd<∼2 R∗.
We also carried out a polarimetric study of
SAX J2239.3+6116. We found that the optical light emit-
ted from the source is polarized and that the ISM cannot
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account for the total measured polarization (Fig. 7). We
estimated the intrinsic polarization degree to be ∼ 4% in
the R band. Although in the limit of what models predict
(Wood et al. 1996), this value is consistent with electron
scattering from the circumstellar disk. If the origin of po-
larization is the circumstellar disk, then we would expect
long-term polarimetric variability, similar to the photometric
and spectroscopic variability. A correlation between polar-
ization, Hα emission, and brightness has been reported for
the Be/X-ray binary X Per and interpreted in terms of disk
development (Kunjaya & Hirata 1995; Roche et al. 1997). In
contrast, Larionov (1987) suggested that the source of variable
polarized radiation measured in the BeXB 1A 0535+262 is an
accretion disk around the neutron star. In SAX J2239.3+6116,
the changes in polarimetry are less pronounced than in
spectroscopy and photometry, which show a large amplitude
decrease trend over time (Fig. 5). There are several reasons
for this. First, the time span covered by the polarimetric
observations is shorter and corresponds to recent years, where
the disk has presumably shrunk. Second, we argued above
that SAX J2239.3+6116 is viewed at a small inclination
angle. The polarization degree is strongly dependent on the
inclination angle. In pole-on systems, we do not expect to
observe polarization because of the uniform distribution
of polarizing planes (Wood et al. 1996). As the inclination
angle increases, so does the polarization degree, reaching a
maximum at around 70–80◦ (Wood et al. 1996; Halonen et al.
2013). Low-inclination systems (i <∼ 30◦) typically exhibit
smaller amplitude changes in polarization degree than higher
inclination systems (Halonen & Jones 2013; Haubois et al.
2014).
5. Conclusion
We have performed optical photometric, spectroscopic, and
polarimetric observations of the optical counterpart to
SAX J2239.3+6116. We derived a spectral type B0Ve from the
ratios of various metallic lines and we estimated the rotation
velocity of the underlying B star in 200 km s−1 from the width
of hydrogen and He I lines. We estimated the distance to be
∼ 4.9 kpc from the photometric magnitudes and colours and
the strength of various diffuse interstellar bands. We report,
for the first time, intrinsic optical linear polarization from the
circumstellar disk of the Be star companion at a level of 4%.
The long-term optical variability of this system is character-
ized by the slow dissipation of the circumstellar disk around
the Be star companion. The observational consequence of this
decline is the decrease of the optical brightness, the strength
of the Hα line, and the polarization degree. We argue that the
long variability timescales observed in this system are due to
the relatively weak gravitational pull exerted by the neutron as
a consequence of its wide orbit.
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